ABSTRACT Homopurine deoxyribonucleoside phosphorothioates possessing all internucleotide linkages of R P configuration form a duplex with an RNA or 29-OMe-RNA strand with Hoogsteen complementarity. The duplexes formed with RNA templates are thermally stable at pH 5.3, while those formed with a 29-OMe-RNA are stable at neutrality. Melting temperature and fluorescence quenching experiments indicate that the strands are parallel. Remarkably, these duplexes are thermally more stable than parallel Hoogsteen duplexes and antiparallel Watson-Crick duplexes formed by unmodified homopurine DNA molecules of the same sequence with corresponding RNA templates.
INTRODUCTION
Higher structural order in DNA and RNA is characterized by a substantial degree of polymorphism, which is governed by several factors such as base sequence, concentration, temperature, pH, buffer composition, ionic strength, and others. Different structures can be stabilized by favorable stacking interactions, solvation, and hydrogen-bonding schemes. While WatsonCrick (WC) is the normal hydrogen-bonding scheme in complementary oligonucleotide antiparallel-stranded duplexes (1), DNA and RNA strands also have the capacity to adopt parallelstranded conformations in which the purine-pyrimidine stretches may also form part of triplexes (2, 3) and tetraplexes (4, 5) . In principle, at neutral pH, parallel duplexes can be stabilized by Donohue (reverse WC) type A-T, G-C basepairing (6), or Hoogsteen (H) A-T basepairing, while in mildly acidic conditions, cytosine N3 is protonated (at 25°C, pK a 4.3 and 4.6 were found for CMP and dCMP, respectively (7)), and Hoogsteen G-C 1 basepairs can also exist (8) . However, acidic pH seems not to be necessary for the latter stabilization because thermodynamic, UV, and NMR studies have been reported, showing (7, 9) that, in a Py/Pu/Py DNA parallel triplex, the cytosines involved in Hoogsteen basepairing remain protonated at pH 7-7.2.
There are few reports of parallel stretches in native DNA because every system in vivo uses the Watson-Crick-type anti-parallel duplex between complementary strands. Tchurikov and co-workers reported parallel duplex formation for specific functions in local regions of DNA (10) (11) (12) . Such a parallel duplex has been also detected in Escherichia coli mRNA (13) . To date, parallel structures have been mostly investigated in vitro. The x-ray structure of a self-paired parallel cytidylyl-39,59-adenosine dimer of CpA with the protonated C-C pair and the neutral A-A pair (with intercalated proflavine dye) was reported by Westhof and Sundaralingam in 1980 (14) . X-ray fiber diffraction studies showed that the formation of the parallel duplexes (stabilized by Hoogsteen-type hydrogen bonds) can be promoted by steric blocking of one side of the adenine ring, i.e., the N(1) side, which is used in Watson-Crick and reverse Watson-Crick pairings (15) . The parallel-stranded duplex model, in which the A-T pairings are reverse Watson-Crick, was early described by Pattabiraman (16) and further refined by IR (17) and NMR (18, 19) spectroscopy. Molecular dynamics simulations showed that sequences containing similar number of d(A-T) and d(G-C) pairs (which are nonisomorphous) arranged in a reverse WatsonCrick structure are unstable, while stable structures were found when Hoogsteen pairing was assumed (20) .
Certain types of Hoogsteen paired parallel-stranded duplexes can be good templates for association of WC paired DNA or RNA targets resulting in the formation of parallel triplexes, where the Hoogsteen and central strand are of the same spatial orientation and the WC strand is antiparallel, as shown later in Scheme 2, structure VIII or IX. This can be very useful for the development of antigene or antisense therapies, provided that the templates are thermally sufficiently stable. For unmodified oligonucleotides, the thermal stability of parallel duplexes is significantly lower compared to antiparallel Watson-Crick duplexes. More stable parallel structures are formed by constructs consisting of a purine chain linked to a pyrimidine chain of inverted polarity by 39-39 or 59-59 internucleotide junctions (21, 22) .
One can assume that the factors reported as those stabilizing parallel triplexes in fact predominantly stabilize the Hoogsteen duplex. The relatively weak binding of the third strand to the underlying WC antiparallel duplex is partly due to charge repulsion between three aligned polyanionic strands. Therefore, triplexes are stabilized by introducing easily protonated basic groups, in particular amines (23) or guanidines (24) , into the third strand.
Since natural oligodeoxyribonucleotides are easily degraded by nucleases, several modifications of the sugar-phosphate backbone have been developed (25) (26) (27) (28) . Among them phosphorothioate analogs of DNA (PS-oligos) appear to be very important because of the close similarity of their properties to natural DNA and their enhanced stability against nucleolytic degradation. However, PS-oligos prepared by routine chemical methods consist of a mixture of diastereomers (29, 30) . The oxathiaphospholane approach developed in this laboratory allows for preparation of PS-oligos with a predetermined sense of P-chirality (31, 32) and has made possible a correlation of their stereochemistry with the thermal stability of antiparallel duplexes. It was found that, usually, PS-oligos and complementary DNA and RNA strands form WC duplexes that are less stable than regular nonmodified oligonucleotides (33, 34) . However, there was recently a report from this laboratory on the thermal stability of RNA/[R P -PS]-DNA/ RNA triplexes containing a stereo-defined homopurine DNA strand with all phosphorothioate linkages of R P absolute configuration, where the Hoogsteen RNA and the central phosphorothioate DNA strands are of the same polarity (35) . Remarkably, these triplexes are thermally more stable than complexes formed by unmodified homopurine DNA molecules of the same sequence. Analogous and even more stable triplex structures were formed with the participation of the 29-OMe RNA derivatives. Interestingly, contrary to the melting of typical triplexes where the Hoogsteen strands dissociate at low temperature, followed by higher temperature dissociation of Watson-Crick duplexes, in the case of RNA/ [R P -PS]-DNA/RNA triplexes only one transition at relatively high temperature was observed on the corresponding melting curves (Supplementary Material, Fig. 1S ), although some premelting process could be noticed in some instances. Also, for a triplex consisting of 59-fluorescein-(29-OMe)-CUCCUUU-CUCUC-39, [R P -PS]-59-BHQ PS-Mix GAGGAAAGAGAG-39 (BHQ is a dark quencher moiety; see below) and 39-(29-OMe)-CUCCUUUCUCUC-59, fluorescence-quenching studies indicated that, in a melting experiment, the BHQ-labeled homopurine phosphorothioate strand and Hoogsteen-paired fluorescein-labeled RNA strand remained associated up to 60°C and dissociated at higher temperatures. In this article, we present evidence that homopurine [R P -PS]-DNA and a homopyrimidine RNA or 29-OMe-RNA strand complementary in the Hoogsteen sense form a thermally stable parallel duplex.
MATERIALS AND METHODS
Sodium chloride and Tris base (both of Aristar quality) were purchased from BDH Laboratory Supplies (Poole, UK). Magnesium chloride pro analysi was obtained from Merck (Darmstadt, Germany). For the titration of Tris base, hydrochloric acid (amino-acid analysis grade reagent, Applied Biosystems, Foster City, CA) was used. Sodium acetate buffer of 0.1 M concentration (pH 5.3) was obtained by dilution of concentrated sodium acetate buffer (3 M, pH 5.5) supplied by Applied Biosystems. All absorption measurements and UV monitored melting experiments were carried out in a 1 cm path-length cell with a CINTRA 40 spectrophotometer (GBC, Dandenong, Australia), equipped with a Peltier thermocell.
Chemical synthesis of oligonucleotides
The synthesis of P-stereo-defined [PS]-oligonucleotides was performed manually. The first nucleoside units were anchored to the solid support by a sarcosinyl linker (36) . Appropriately protected deoxyguanosyl and deoxyadenosyl monomers possessing 39-O-(2-thio-''spiro''-4,4-pentamethylene-1,3,2-oxathiaphospholane) moiety were synthesized and separated chromatographically into pure diastereomers. The protocol for the synthesis has been previously described (31, 32) .
The synthesis of unmodified DNA, [Mix-PS]-DNA, RNA, and 29-OMe-RNA oligonucleotides was performed on ABI 380B DNA or ABI 394 DNA/ RNA synthesizers (Applied Biosystems) at a 1 mmol scale using standard phosphoramidite DNA and RNA protocols.
The fluorescently-labeled 29-OMe-RNA oligomers were synthesized using the standard phosphoramidite method. For the synthesis of the oligonucleotides carrying 6-carboxyfluorescein at the 39-end or 59-end, appropriate CPG-support or phosphoramidite reagents were used (CPG, Lincoln Park, NJ).
The stereo-defined oligomer [R P -PS]-d(GAGGAAAGAGAG), for labeling at the 59-end with a static ''BHQ-1'' quencher (the dye has broad strong absorbance centered at ;l max ¼ 534 nm) to form [R P -PS]-BHQ PS d(GAG-GAAAGAGAG) (1B), was synthesized manually on the solid support (see above). After detritylation it was reacted with a ''BHQ-1'' phosphoramidite (49-(2-nitro-4-toluyldiazo)-29-methoxy-59-methyl-azobenzene-4$-(N-ethyl)-N-ethyl-2-cyanoethyl-(N,N-diisopropyl)-phosphoramidite; Glen Research, Sterling, VA) in the presence of 1H-tetrazole, followed by sulfurization. Thus, the phosphorothioate linkage of random configuration was formed between the quencher and the 59-dG residue.
All synthesized oligomers were purified by two-step RP-HPLC (DMT-on and DMT-off), and their purity was assessed by MALDI-TOF mass spectrometry (a Voyager-Elite instrument operating in the reflector mode with detection of negative ions; PerSeptive Biosystems, Framingham, MA) and polyacrylamide gel electrophoresis.
Sample preparation and melting profile recording
The concentration of oligomers was determined spectrophotometrically by UV absorbance at l max in water, using extinction coefficients calculated by the standard method (37) . Samples were then lyophilized and redissolved in 10 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl 2 buffer (pH 7.4 or 5.3), or 10 mM Tris-HCl, 100 mM NaCl, 2.4 mM MgCl 2 buffer (pH 5.3). Melting profiles were measured at a total oligonucleotide concentration of 4.0 mM with a temperature gradient of 0.2°C/min with a detector set at 254 nm. The T m values were calculated using the first-order derivative method.
Measurements of fluorescence
Fluorescence measurements were made in 1-cm cuvettes using a fluorescence spectrophotometer Cary Eclipse (Varian Australia, Clayton, South Australia) with a thermostatting Peltier element accessory. Samples at concentrations of 200 nM, 1 mM, or 2 mM were dissolved in a buffer containing 10 mM Tris-HCl, 100 mM NaCl, 10 mM MgCl 2 (pH 7.4). Spectra were recorded in triplicate. The excitation and emission slits were set at 5 or 10 nm.
Measurements of circular dichroism
CD spectra were recorded on a CD6 dichrograph (Jobin-Yvon, Longjumeau, France) using 5-mm path-length cells. Spectra were smoothed with a fivepoint algorithm provided by the manufacturer of the dichrograph.
RESULTS AND DISCUSSION

Studies by CD spectroscopy
Observations indicating the formation of a unique structure were done by comparison of CD spectra recorded during the temperature-driven association (85°C/15°C) of the [R P -PS]-dA 12 (Fig. 1 B) . Although at low temperature the positive band was centered at 264 nm, between 78°and 71°C its left crossover point rapidly blue-shifted from 260 nm to 252 nm and geometry of consecutive bands (recorded below 71°C) was different compared to those recorded for a mixture of [PO]-dA 12 and (29-OMe)-U 12 . It must be emphasized that the blue-shift, indicating the structurization, was completed within the 78-71°C range (spectra were recorded starting from 85°C with 7°C decrements). However, we were surprised to see that for the [R P -PS]-dA 12 mixed with (29-OMe)-U 12 at a 1:1 molar ratio, the low temperature positive bands are very narrow (cross points at 250 and 270 nm) and blue-shifted to 258 nm. Moreover, they are accompanied by a negative band of medium intensity at 280 nm, not present in any spectrum showed in panels A and B (Fig. 1 C) . Again, the blue-shift of the 260 nm crossover point was virtually complete between 78 and 71°C. To the best of our knowledge, such CD spectra have not been reported in the literature. To get a deeper insight into this phenomenon, from all three sets of the CD data (Fig. 1, A-C ) corresponding difference spectra (Fig. 2, A-C, respectively) were derived by numerical subtraction of the initial spectra (recorded at 85°C) from consecutive spectra recorded at lower temperatures. These difference spectra revealed important distinctions between the observed patterns. For [PO]-dA 12 /(29-OMe)-U 12 at a 1:2 molar ratio (Fig. 2 A) , upon cooling from 78°C down to 43°C, there is increasing intensity of the positive band at ;275 nm, followed (upon further cooling) by a shift of a crossover point from 260 nm to 250 nm and increasing intensity of the 260 nm band. For the mixture [R P -PS]-dA 12 /(29-OMe)-U 12 (1:1 molar ratio; Fig. 2 C) , even at temperature above 70°C, there is a negative band at 275 nm and positive band at ;257 nm, and both bands get more intensive when the sample is cooled down. Notably, the crosspoints at 248 and 267 nm remain virtually unchanged across the whole temperature range. This indicates that the basic structurization occurred at a very early stage of the association experiment and it cannot be attributed to the formation of a Watson-Crick duplex. For the mixture [R P -PS]-dA 12 /(29-OMe)-U 12 (1:2 molar ratio; Fig. 2 B) , at temperature 71°C, there is a negative band at 275 nm and a positive band at ;257 nm. When the sample is cooled down, the latter band gets more intensive, while the negative band can be seen in all spectra as a concavity between 265 and 290 nm. Most likely, the concavity results from the superposition of the negative band on a positive band (of increasing intensity) at ;275 nm, which is observed for [PO]-dA 12 /(29-OMe)-U 12 and is considered a strong indicator of the A-conformation. It should be noticed that the cross-point at 248 nm remains virtually unchanged.
Based on the dependence of the CD spectra on the PS-DNA:RNA stoichiometry we postulate that [R P -PS]-dA 12 and (29-OMe)-U 12 mixed at 1:1 ratio associate at high temperature (between 85 and 71°C) to form a parallel duplex. When both components are mixed at 1:2 ratio, in the curve recorded at 71°C a rapid shift of the positive band from 272 to 261 nm (Fig. 1 B) indicates virtually quantitative formation of a parallel duplex. As the temperature is further decreased, association of the excess U 12 strand to the parallel duplex occurs in the Watson-Crick sense and this process is visualized by the growth of a ''shoulder'' between 268 and 280 nm and the decreasing concavity on the corresponding difference spectra. For the mixture of [PO]-dA 12 and (29-OMe)-U 12 mixed at 1:1 ratio, structurization begins at a much lower temperature and neither the band at 272 nm nor its left crossover point move to shorter wavelengths down to 50°C (Fig. 1 A) . Since at low temperatures the observed overall blue-shift of that band is small, the changes should be attributed to the formation of the anti-parallel duplex.
Polarity of strands-thermal stability studies
One can argue that symmetry or palindromicity of the A 12 oligomer permits an alternative explanation, because the U 12 molecules mixed even at 1:1 ratio, may simultaneously associate as Watson-Crick and Hoogsteen components. Therefore, to verify our hypothesis, nonpalindromic dodecameric sequences 59-dGAGGAAAGAGAG-39 (1), corresponding Hoogsteen-paired 59-CUCCUUUCUCUC-39 (2), and WatsonCrick paired 59-CUCUCUUUCCUC-39 (3) were selected for further experiments. The oligomer 1 is as nonpalindromic as possible to promote mismatch-free parallel association with 2 (structure I, Scheme 1) with discrimination of the competing Watson-Crick interactions (structures II-V, Scheme 1). For UV monitored thermal dissociation studies, three forms In addition to the oligoribonucleotide sequences 2 and 3, their 29-OMe-analogs (2M and 3M, respectively) were also synthesized. Melting curves were recorded at pH 7.4 or 5.3 in buffers containing 10 mM Tris-Cl, 100 mM NaCl and either 2.4 or 10 mM magnesium chloride (Table 1) . No transition was observed on melting curves recorded for mixtures of any form of 1 with Hoogsteen-paired 2 (29-OH-RNA) at neutral pH. When the WC-paired RNA strand 3 was added to the mixture [PO]-1/2, a T m characteristic for the corresponding WC duplex was found (40°C). The formation of the WC duplex is further confirmed by a lack of hysteresis (T a ¼ T m ). In the case of [R P -PS]-1/2 mixed with 3, a T m of 60°C was measured and this (together with a 23°C hysteresis) indicates the formation of the triplex structure (35) . However, when the 29-OMe-RNA templates were used, the formation of a duplex (at neutrality; see Formation of thermally stable Hoogsteen duplexes by homopurine 1 mixed with 29-OH-RNA template was enabled by acidic pH 5.3 (Fig. 4) . Again, the most stable structures observed. The above melting data indicate that phosphorothioate internucleotide linkages (especially those of R P absolute configuration) substantially enhance thermal stability of parallel duplexes with 29-OMe-RNA templates at neutrality, and the enhancement is also clearly observed for 29-OH-RNA templates under acidic conditions.
Fluorescence quenching studies
Additional proof of the thermal stability and parallel orientation of strands was sought from fluorescence quenching studies. To that end, we synthesized three oligomers. When 4M or 5M were mixed with BHQ-labeled 6B, they were expected to form the specific parallel complexes VI and VII, respectively (see Scheme 2) . Because of the shorter distance between the BHQ and FL moieties in VI than in VII, stronger quenching of fluorescence should be observed. Simultaneously, fluorescence was measured for the corresponding triplex structures 4M/6B/3M (VIII, Scheme 2) and 5M/6B/3M (IX) to compare their stability with duplexes under investigation. The measurements revealed (Fig. 5 ) that, at r.t., the observed fluorescence intensity for VI was at least 10 times lower than that for VII (solid and dotted lines, respectively), indicating that BHQ and FL moieties are much closer in VI than in VII. This confirms the parallel orientation of the strands in the duplex. Moreover, these quenching efficiencies were virtually the same for the triplexes VIII and IX (dash and dash-dot lines, respectively). Thus, one can assume a remarkable similarity of overall geometry of the corresponding duplexes and triplexes. The same samples were used in a thermal dissociation experiment (Fig. 6 ). It must be pointed out that for a mixture of 59-(29-OMe)-CUCCUUUCUCUC-FL-39 and 59-(29-OMe)-CUCUCUUUCCUC-39 (5M/3M, no quencher present) the fluorescence intensity of the FL moiety significantly and steadily decreases with increasing temperature (Fig. 6, triangles) . Nonetheless, we were able to observe remarkable increase of fluorescence for VI and VII above 55-60°C (solid and dotted lines, respectively), resulting from dissociation of the complexes around the melting point. This effect was smaller in the case of VII, where quenching was much less effective, so the fluorescence enhancement upon dissociation was smaller. Noteworthy, fluorescence intensities observed for both complexes VI and VII at 80°C are virtually identical and this indicates the presence of free, unassociated strands. Also, we observed only a slight increase of fluorescence for VIII above 55°C (dashed line), presumably resulting from partial dissociation of the complex below the melting point, confirming that thermal stability of triplexes is higher than that of corresponding parallel duplexes.
The oligomers 6B and 4M were also used in a titration experiment to establish stoichiometry of PS-DNA and RNA strands in the complex VI. A solution of 6B (1 mM, 500 mL) was titrated with 4M until final 1.8 mM concentration of the fluorescein-labeled RNA strand was reached (relative concentrations [FL-RNA]/[PS-BHQ-DNA] ranged from 0.2 to 1.8, a total volume of 50 mL was added). As a reference, the same aliquots of 4M were added to a sample buffer and a FIGURE 5 Fluorescence spectra for complexes VI, VII, VIII, and IX (solid, dotted, dash, and dash-dot lines, respectively). Parameters: r.t., excitation at 446 nm, excitation and emission slits 5 nm. Intensities given in arbitrary units. FIGURE 6 Fluorescence intensities at 516 nm for complexes 5M/3M (triangles), VI, VII, VIII, and IX (solid, dotted, dash, and dash-dot lines, respectively) in melting experiment. Parameters: temperature gradient 1°C/ min, data point collected with a 1°C increment, excitation at 446 nm, excitation and emission slits 5 nm. Intensities given in arbitrary units. straight linear plot was obtained for fluorescence emission against RNA concentration (Supplementary Material, Fig.  3S , open circles; the data were corrected for a dilution factor). In the course of titration, at a relative concentration 1.1, a rapid increase of a slope for the second of two approximately linear segments of the corresponding plot (Supplementary Material. Fig. 3S, open triangles) was observed. It provides evidence that the association was almost complete at a stoichiometry 1:1, and the portions of 4M added later have associated with the PS-BHQ-DNA strand to a very limited extent.
Possible mechanism of stabilization
Recently, in searching for a possible mechanism of stabilization of the RNA/[R P -PS]-DNA/RNA triplex, we appreciated that the common structural feature of cytidine and uridine moieties is the presence of an oxygen in position 2 of the pyrimidine ring. Since also in these studies the R P configuration of internucleotide phosphorothioate linkages in PS-DNA is required to stabilize the duplex efficiently, we suggest an analogous mechanism of stabilization, i.e., a water bridge between the pyrimidine O2 of the Hoogsteen strand and the anionic sulfur atom (Supplementary Material, Fig. 4S ) whose ability to form strong charge-assisted hydrogen bonds has been discussed (35) . Work on further kinetic, thermodynamic, and structural characterization of the structure, using fluorometry, NMR, FTIR, and osmometry techniques is in progress.
SUPPLEMENTARY MATERIAL
To view all of the supplemental files associated with this article, visit www.biophysj.org. 
